Infection with hepatitis C virus (HCV) is characterized by inflammatory liver damage and a long viral persistence associated with an increased risk of developing hepatocellular carcinoma. Both in liver damage and in oncogenesis a disturbance of apoptosis has been implicated, although the underlying mechanisms in these apparently opposite processes are incompletely understood. HCV-triggered liver injury is mediated mainly by host immune mechanisms and eventually by direct cytopathic effects of HCV. Recent data shows that caspase activation, either triggered by death ligands, other cytokines, granzyme B or HCV proteins, is considerably upregulated in HCV-infected liver. Interestingly, caspase activation appears to correlate closely with the inflammatory response. Data about the role of single HCV proteins, either in cultured cells or transgenic animals models, however, are contradictory, as both pro-and anti-apoptotic effects have been observed. Nevertheless, apoptosis induction upon HCV infection may critically contribute to liver damage, while inhibition of apoptosis may result in HCV persistence and development of hepatocellular carcinoma.
Introduction
Hepatitis C virus (HCV) is estimated to infect up to 200 million persons worldwide corresponding to more than 3% of the world population. 1 In most infected individuals (*80%) viremia persists and leads to chronic infection. Viral replication is rather high with an estimated rate of 10 trillion virus particles that are produced per day. HCV infects and replicates not only in hepatocytes, but also in immune cells including bone marrow and peripheral blood mononuclear cells (PBMCs). 2 ± 4 Recent studies suggested that during HCV infection 50% and more hepatocytes harbor the virus. 5 Although HCV infection is very common, identification of patients with acute infection is rare. Furthermore, no appropriate tissue culture systems or small animal models exist to study HCV replication and viral host interactions. Consequently, little is known about the kinetics and specificity of the host response in acute and chronic infection as well as about the mechanisms that enable a small percentage of patients to clear the HCV infection, while the virus persists in the majority of infected subjects.
Chronic HCV infection is accompanied by variable degrees of hepatic inflammation, damage and fibrosis with an increased risk of developing liver cirrhosis and hepatocellular carcinoma. There is increasing evidence suggesting that liver cell damage in chronic HCV infection is mediated by induction of apoptosis. In fact, the term apoptosis was first used to describe a form of hepatocellular cell death induced in rat liver by ischemia. 6 The importance of apoptosis in HCV infection has been proposed in view of pathomorphological features including cell shrinkage and fragmentation of the nucleus, the presence of acidophilic (Councilman) bodies and focal cell dropouts in the liver lobule. However, the contribution of either apoptosis or necrosis and the molecular mechanisms that cause liver cell damage during HCV infection have not yet been clearly defined. Neither do we actually understand whether apoptosis is linked to the clearance or persistence of HCV infection.
CD95 receptor/ligand interaction in chronic HCV infection
Both immune-mediated reactions and direct cytopathic effects of HCV might be involved in the pathogenesis of viral hepatitis. In the last few years there is growing evidence that death receptor-mediated apoptosis plays a critical role in HCV-associated liver injury. Among the death receptors, presumably the CD95/CD95 ligand (CD95L) system plays the most important pathogenic role. A physiological relevance of CD95 in the liver was originally obtained from mice carrying mutations in the CD95 (lpr) or CD95L (gld) gene. These animals are characterized by liver hyperplasia and a variety of autoimmune phenomena. 7, 8 As long as these death factors are appropriately expressed, they will be useful in maintaining tissue homeostasis, and prevent the organism from autoimmune and neoplastic diseases or may even contribute to virus clearance. However, inappropriate expression of death factors might lead to tissue destruction and organ failure. For instance, when an agonistic anti-CD95 antibody or recombinant CD95L were injected into mice, they died rapidly of liver failure with massive hepatocyte apoptosis. 9, 10 In HCV infection, upregulation of CD95 in hepatocytes as well as induction of CD95L expression in T-lymphocytes have been found to correlate with the severity of inflammation.
11 ± 15 The prevalence of CD95 in HCV antigen-positive hepatocytes was significantly higher than in uninfected cells. 12 Moreover, it has been suggested that the degree of CD95 expression correlates with hepatocyte apoptosis. 16 Patients with chronic HCV infection showed significantly higher CD95 levels in sera than healthy individuals. 17 It has been proposed that CD95L-positive T-lymphocytes interact with CD95-bearing hepatocytes which results in liver cell apoptosis. If this killing process works adequately, it is beneficial for the organism and may lead to elimination of virus-infected cells. However, deregulation of this system might result in liver damage. Although there is strong evidence for the upregulation of CD95 and its ligand in chronic HCV infection, no data exists about the expression of both molecules in acute infection. It is unknown whether different expression levels of CD95 correspond to the clearance of HCV, and whether CD95-mediated apoptosis is involved in acute liver damage.
Certainly, CD4 + and CD8 + T-cells, in particular cytotoxic T-lymphocytes (CTLs), exert a prominent role in the disease pathogenesis. CTL activity is always a two-edged sword, as it is probably involved in both clearance of virus-infected cells and liver damage. The kinetics, strength and quality of the immune response to HCV during the first weeks after infection presumably contribute very importantly to the outcome of infection. Viral clearance is usually associated with a multispecific T-cell response that persists after viral clearance, while it is not readily detectable in chronically infected subjects or in subjects who initially control the infection but in whom viremia subsequently recurs. 18 ± 21 It is commonly assumed that virus clearance requires the destruction of infected cells by virus-specific CTLs via CD95, other death receptors or the perforin/granzyme B pathway. This notion is supported by the observation that mice deficient in perforin and/or CD95 are unable to control infections by several viruses. In HCV infection, however, destruction of infected hepatocytes and viral clearance are obviously mediated by distinct T-cell populations. It has recently been observed that patients that cleared HCV induced an early CD8 + population, which failed to produce interferon (IFN)-g but was associated with the occurrence of acute hepatitis and only a small reduction of viremia. 21 Interestingly, a subsequent switch of the CD8 + T-cell response to IFN-g production coincided precisely with the rise in CD4 + T-cell response and a 5-log decrease in viremia. This suggests that hepatocyte destruction, disease pathogenesis and viral clearance are mediated by different effector mechanisms. Obviously, the first CTL response is cytolytic but inefficient in virus elimination, whereas the CD8 + T-cell response associated with IFN-g production efficiently eliminates the virus by a presumably noncytopathic mechanism.
A detailed proof for the dissection of hepatocyte destruction and viral clearance must await further studies, for instance in chimpanzees, in which the extent of infection and nature of the immune response can be evaluated in the liver. It should be noted that in the above mentioned report, immune-mediated destruction of hepatocytes was reflected by elevated serum markers of liver disease. Several studies, however, point out that apoptosis and caspase activation are dissociated from serum transaminase levels (see below). IFN-g production is certainly an important mechanism for virus clearance, but also acts as a regulator of apoptosis triggered by death receptors and other mediators. Neither CD95 expression nor the degree of liver injury correlate with intrahepatic viral load, 22 ± 24 supporting the hypothesis of indirect immune-mediated mechanisms in hepatocyte apoptosis. In such a scenario, Th 1 cytokines, such as tumor necrosis factor (TNF) or IFN-g might upregulate CD95 in hepatocytes as well as CD95L in T-lymphocytes. 25, 26 Interestingly, CD95L may also exert proinflammatory activities by inducing the secretion of interleukin-1b and other cytokines that are responsible for leukocyte infiltration. 27 Thus, the HCV-mediated immune response might be closely associated with CD95-triggered hepatocyte apoptosis.
The role of TNF and TRAIL receptors in chronic HCV infection
In addition to CD95, the TNF system has been implicated in the pathogenesis of HCV-mediated liver disease. HCV induces the expression of TNF in human liver, and HCVspecific CTLs have been shown to secrete TNF-a in vitro. 28 ± 30 Moreover, plasma TNF level is increased in patients with chronic HCV infection. However, elevated plasma TNF as well as soluble TNF receptor-I levels were mainly observed in acute hepatitis and correlated with serum levels of transaminases. 31 In mouse models of galactosamine/TNF or endotoxin-induced hepatitis, in which TNF plays an essential role, apoptotic liver injury is followed by severe necrosis and release of transaminases. 32, 33 Moreover, in the T-cellmediated model of concanavalin A-induced hepatitis, in which TNF also plays a major role, caspases might not be involved in liver cell damage. 34, 35 Overall, TNF might play a role more in hepatic necrosis and inflammation than in apoptosis.
In contrast to CD95 and TNF, little data exists about the role of TRAIL in liver diseases. However, several laboratories are currently studying the involvement of TRAIL and its receptors in viral hepatitis. It was suggested that the TRAIL system might have evolved as a prime physiological mechanism in order to eliminate virus-infected cells. 36 In an infection model with restricted cytomegalovirus gene expression or productive adenovirus infection in epithelial cells that are normally resistant to TRAIL-induced apoptosis, TRAIL sensitivity is induced upon virus infection and accompanied by an upregulation of TRAIL receptors. 37 Thus, TRAIL has antiviral activity by inducing apoptosis of virus-infected cells while leaving non-infected cells intact. This idea is supported by the fact that TRAIL mRNA and protein production in primary macrophages is switched on by infection with human immunodeficiency virus-1. 38 Moreover, IFN-g but also IFN-a and b induce TRAIL and TRAILreceptor expression, thereby sensitizing cells to apoptosis. 36 Recently, IFN-g has been demonstrated to induce TRAILmediated apoptosis also in human hepatoma cells. 43 Since IFN-a plays a major role in the treatment of HCV infection, it would be of great interest to investigate whether IFN-a therapy, either alone or in combination with ribavirin, induces apoptosis of infected hepatocytes via TRAIL signaling.
Whether TRAIL will find an application as a potential antiviral agent has to be shown in future studies. One of the most appealing features of TRAIL is that it does not seem to have the extreme liver toxicity that has precluded the use of CD95L and TNF, which cause massive hemorrhagic liver necrosis. Since TRAIL exerts its cytotoxicity in vivo only in transformed or infected cells without causing apoptosis in normal healthy tissue, 44 it was believed to be safe for use in human cancer and infectious diseases. However, unexpected warning concerns recently arose when human hepatocytes were shown to be TRAIL-sensitive. 45 In this study it was demonstrated that TRAIL is able to cause massive apoptosis of normal human hepatocytes but not of those isolated from mice or monkeys. Re-evaluation of these results, however, now suggests that the toxicity for human hepatocytes may depend on the preparation and version of the recombinant TRAIL used. 46 Moreover, a new agonistic TRAIL-R2 antibody has been recently described which triggered apoptosis in primary hepatocellular carcinoma cells but not in normal hepatocytes. 47 Certainly, further studies and clinical trials are needed to evaluate the potential side effects, hepatotoxicity and therapeutic potential of TRAIL in human diseases.
Activation of caspases is associated with HCV-mediated in¯ammatory liver injury
Despite the rapid elucidation of apoptotic pathways, it is almost unknown whether and to what extent caspases as the main executioners of apoptosis are activated in liver diseases. Effector caspases, such as caspase-3 and -7, were shown to be activated in models of mouse hepatitis induced by TNF or CD95L. 48, 49 The importance of caspases in hepatitis is underscored by studies with pharmacologic caspase inhibitors, which potently suppressed experimental hepatitis. 50, 51 Recently, our laboratory was able to demonstrate that various liver diseases are characterized by elevated caspase activation and apoptosis. 52, 53 Using novel antibodies specific for the active forms of caspase-3 and -7 as well as for the cleaved caspase substrate PARP, we found that caspase activation was elevated in a considerable percentage of hepatocytes in liver biopsies from chronic HCV infection. 54 Most striking was the fact that, depending on the grade of necroinflammatory injury, caspase activation was detectable in 7% to 20% of the hepatocytes, whereas control individuals displayed almost no caspase activity ( Figure 1 ). In several previous studies, the amount of liver cell apoptosis has been assessed by standard techniques based on detection of DNA fragmentation such as the TUNEL method. In these studies, apoptosis was also elevated compared to healthy liver, but was rather low and never exceeded 0.5% of apoptotic hepatocytes in viral hepatitis. 24, 55 One reason for the discrepancy between the low number of TUNEL-positive cells and the high number of cells revealing caspase activation might be explained by the time course of biochemical events in apoptosis. DNA fragmentation is recognized as a late event in apoptosis, whereas caspase activation occurs earlier than DNA cleavage. It has also been found that some forms of apoptotic cell death, even in hepatocytes, are not always associated with DNA fragmentation. 56, 57 Finally, it is conceivable that in late stages of apoptosis when DNA fragmentation occurs, apoptotic cells are rapidly phagocytosed and therefore escape detection by TUNEL staining. Thus, the approach of quantifying apoptosis by morphologic criteria and DNA fragmentation may underestimate the number of cells actually undergoing apoptosis. Figure 1 Immunohistochemical detection of caspase-3 activation in liver biopsies. Liver tissues from a control person and a HCV patient were analyzed with activation-specific antibodies for caspase-3. Almost no immunostaining was detected in normal liver (A), whereas a liver biopsy from the patient with chronic HCV infection showed intense staining with the antibodies (B). Note that the antibodies labeled hepatocytes with apoptotic morphology as well as cells with a rather intact cell nucleus Another interesting finding from our studies was that the extent of caspase activation correlated significantly with the grade of necroinflammatory disease activity. This link might be related to the finding that apoptotic cell death can trigger neutrophil recruitment into the liver and transmigration into the parenchyma. 33, 58 For instance, apoptosis as well as neutrophil transmigration and hepatic injury could be completely prevented by treatment with a caspase inhibitor. 33 Interestingly, mice treated with anti-CD95 showed increased caspase-3 activity, which was accompanied by activation of the pro-inflammatory transcription factor AP1 and enhanced chemokine production. 59 These events were followed by hepatic neutrophil recruitment. When apoptosis was prevented by pretreatment of mice with a caspase-3 inhibitor, AP1 activity, chemokine production and hepatic inflammation strongly declined. These data along with our results indicate that caspase activation and apoptosis are associated with the severity of inflammation in both experimental hepatitis and chronic HCV infection.
Similar to a previous study, 24 we did not find a correlation between caspase activation and serum HCV levels. Moreover, the degree of HCV-mediated liver damage did not correlate with the number of infected hepatocytes. Thus, it is not clear whether caspase activation is directly related to HCV-mediated liver damage. Kinetic analysis of viral turnover in patients indicated that HCV infection is a highly dynamic process with a short half-life of viral particles and HCV-infected cells. 60 It has been calculated that the daily turnover of HCV-infected cells may be as high as 13 ± 25%. Assuming that in patients with chronic HCV infection approximately 50% of the hepatocytes are infected, this would mean that between 6.5 and 12.5% of infected hepatocytes are killed daily. 55, 61 It is remarkable that this number is very similar to the amount of cells with active caspases. However, as discussed above, it has to be considered that immune mechanisms might also indirectly contribute to cell death of non-infected hepatocytes.
Finally, apoptotic hepatocytes might undergo secondary necrosis. In vivo studies showed that apoptosis of hepatocytes might be accompanied by elevated transaminase levels, but that the release of transaminases was considerably lower in apoptosis than in necrosis. According to previous studies, 24, 55 we did not find a significant correlation of caspase activation and serum transaminase levels. Thus, relative differences in the occurrence of apoptosis and necrosis could explain why transaminase levels and caspase activation are not linked to each other. These results further suggest that chronic liver damage and hepatocyte loss by apoptosis can occur in HCV-infected patients without overt biochemical changes. This may explain the progressive nature of HCV infection that can be seen in asymptomatic patients with normal transaminase levels. 62 At present, many open questions remain regarding the role of apoptosis and caspase activation in HCV infection. It is actually unknown how many hepatocytes are indeed killed during chronic HCV infection, and to which extent apoptotic, necrotic or intermediate events contribute to this process. Furthermore, no data exists whether caspase activation is involved in the resolution or persistence of virus infection. Nevertheless, the positive correlation between caspase activation and inflammatory liver damage in HCV infection might open challenging possibilities for the development of therapeutic agents. Monitoring of caspase activation might provide a diagnostic tool to detect the degree of HCV-mediated inflammatory liver damage and to evaluate the efficacy of HCV therapy.
Potential mechanisms of caspase activation in chronic HCV infection
The upstream molecular mechanisms by which caspases are activated in chronic HCV infection are rather unknown. There is evidence for the involvement of death receptors but also of other mediators including the perforin/granzyme B and IFN system (Figure 2 ). In death receptor-mediated apoptosis, CD95L-, TNF-and TRAIL-induced signal transduction leads to the formation of a death-inducing signaling complex which results in the proteolytic processing of caspase-8 and activation of downstream effector caspases. 63 Accordingly, activation of caspase-3 and -7 was detected in hepatocytes from mice treated with agonistic anti-CD95 antibody as well as in cultured hepatocytes incubated with anti-CD95. 51, 59, 64, 65 A broad-range caspase inhibitor completely abolished caspase activation and hepatocyte apoptosis in vitro and in vivo. 48, 50, 64 Besides death receptors, the granzyme B/perforin pathway certainly plays a role in HCV-mediated apoptosis. Perforin is released from granules of cytotoxic T-lymphocytes and NKcells to form pores within the target cells. This allows the entry of concomitantly secreted granzymes that can directly cleave caspase-8 and thereby activate effector caspases in target cells. 66, 67 Hepatocytes represent most likely so-called type-II cells, in which the direct activation of caspase-8 is not sufficient to induce cell death, but in addition requires the amplification by a mitochondrial pathway. In this scenario, caspase-8 activation causes the proapoptotic cleavage of Bid, which induces the mitochondrial release of cytochrome c and formation of an apoptosome complex. For instance, hepatocytes transgenically overexpressing Bcl-2 were resistant to anti-CD95-induced liver damage and the survival rate of these mice was greatly enhanced. 64, 68 Moreover, it was demonstrated in a mouse hepatitis model that treatment with anti-CD95 antibody not only causes caspase activation, but also a decrease of mitochondrial membrane potential and cytochrome c release. 69 Recently, it was demonstrated that Bid knockout mice treated with anti-CD95 display reduced lethality, underscoring the importance of the mitochondrial pathway for hepatocyte apoptosis. 70 Thus, this data indicates that also in HCVmediated liver injury apoptosis triggered by death receptors or other mediators might require a mitochondrial amplification pathway.
Considering the important role of IFNs in antiviral defense, it is not unexpected to find that IFNs modulate apoptotic pathways by several mechanisms. The geneinducing effects of IFNs are largely controlled through the JAK-STAT pathway. It has been demonstrated that the potentiation of death receptor-mediated apoptosis by IFN-g is not only accompanied by elevated CD95 expression but also by increased mRNA expression of caspases. 71 In fact, several different caspases appear to be transcriptionally controlled by STAT1. 72, 73 As a consequence, STAT1-deficient cells are largely resistant towards death ligands, while reintroduction of STAT1 can restore both the expression of caspases and apoptosis sensitivity. 74 Moreover, STAT1 has been identified as a component of the TNF-R1 signaling complex, which suppresses anti-apoptotic NF-kB activation. 75 Additional important targets of the IFN response are the 2',5'-oligoadenylate system, in particular RNase L, and double-stranded RNA-dependent protein kinase PKR. PKR can inhibit viral replication by delaying the translation of viral proteins through phosphorylating initiation factor eIF2a. 76 On the other hand, HCV and several other viruses have developed mechanisms to inhibit PKR kinase activity. PKR has also several other targets. For instance, PKR is involved in the regulation of NF-kB, presumably by activating IKK kinase activity. 77 As PKR has been implicated in apoptosis signaling by double-stranded RNA and NF-kB activation, it is plausible that PKR may induce transcription of several death-promoting molecules that harbor NF-kB recognition motifs in their promoters. 78 In this regard, CD95 and CD95L are known to be induced by NF-kB. 79 ± 81 A further interesting observation noted in cells expressing a dominant-negative variant of PKR is that various pro-apoptotic genes such as CD95, FADD, TRADD, caspase-8, Bax and Bad are transcriptionally suppressed. 82 Consequently, PKR-deficient cells were resistant to apoptosis under several conditions. 76, 82 Thus, IFNs can exert their caspase-activating and proapoptotic effects by a variety of signaling processes (Figure 2 ).
Role of HCV proteins in regulating apoptotic cell death
In addition to host immune mechanisms, direct cytopathic viral effects are currently discussed for their involvement in HCVtriggered hepatocyte death. A direct pathogenic role of HCV has been more difficult to establish, because of the lack of tissue culture systems and animal models that support robust HCV replication. There have been numerous studies of various HCV proteins overexpressed in cultured cells and transgenic mice, which showed multiple effects on signal transduction, growth regulation and apoptosis. However, the net outcome of all these studies is extremely confusing. The HCV genome contains a linear, positive-strand RNA molecule which encodes a single polyprotein precursor of 3011 amino acid residues. This precursor protein is cleaved by host and viral proteases to generate nine mature structural and regulatory proteins (core, E1, E2, NS2, NS3, NS4A, NS4B, NS5A, NS5B). 83 The structural components include the core and the two envelope proteins E1 and E2 which latter contains the binding site for CD81, the putative HCV (co-)receptor. The non-structural proteins function as proteases (NS2, NS3), protease cofactor (NS4A), helicase (NS3) and RNA-dependent RNA polymerase (NS5B). The function and properties of the other proteins, NS4B and NS5A, are less well characterized.
Because of the presence of a putative DNA-binding motif and nuclear localization signals, a possible function of the core protein as a gene-regulatory mediator beyond its role as nucleocapsid protein has been suggested. Several studies have therefore investigated a potential role of the core protein in regulating apoptotic cell death. The HCV core protein has been demonstrated to exert both pro-and anti-apoptotic properties, which may depend on the experimental conditions, cell type or other unknown reasons. For instance, it was shown that the core protein inhibits TNF-, cisplatin-and c-Myc-induced caspase activation and apoptosis in different non-hepatic cell lines, 84, 85 whereas in CHO cells it potentiated cell death following serum withdrawal. 86 However, also in liver-derived cells Interferons (IFNs) produced upon viral infection may modulate apoptosis by a number of mechanisms, such as activation of JAK-STAT pathway, doublestranded RNA-dependent protein kinase (PKR), the 2',5' oligoadenylate system or upregulation of TRAIL and its receptors. Moreover, HCV proteins, in particular the core protein, may either positively or negatively regulate cell death. The HCV core protein has been reported to sensitize cells to death receptor-mediated apoptosis, whereas it may exert inhibitory effects through the activation of NF-kB and subsequent induction of antiapoptotic gene products including Bcl-x L , Bcl-2 and inhibitor of apoptosis proteins (IAPs). The proapoptotic pathway may be involved in liver damage, whereas inhibition of apoptosis may contribute to viral persistence and development of hepatocellular carcinoma. HCV may also escape the CTL response by various other immune and antiapoptotic mechanisms opposite and controversial effects were observed. In transiently transfected HepG2 cells neither the core nor the E2 protein affected TNFa-or anti-CD95-induced apoptosis. 87 In contrast, another study suggested that transient expression of the core protein alone or together with other HCV proteins inhibited CD95-mediated apoptosis. 88 It was also demonstrated that HepG2 cells constitutively expressing the core protein were more prone to undergo apoptosis in response to anti-CD95. 89 A similar potentiation of CD95-induced apoptosis was found in Jurkat T-cells both upon transient and stable transfection of the core protein. 90 In the different studies, only a few attempts have been made in order to understand how HCV proteins could interfere with apoptosis at the molecular level. It should be stressed that most of these studies employed artificial overexpression systems that are unlikely to mimic the in vivo situation. So far, no study reported an effect of HCV proteins on CD95 or CD95L surface expression. However, it was demonstrated that the core protein might physically interact with the cytoplasmic domains of CD95, TNF-R1 and the lymphotoxin b receptor, and thereby enhances downstream signaling events of these receptors. 90, 91 Moreover, the core protein did not only interact with death receptors but also with the death domain (DD) of FADD, but not TRADD. As a consequence, expression of the core protein enhanced FADD-mediated apoptosis and suppressed recruitment of TRADD and TRAF-2 and subsequent JNK activation in response to TNF treatment. 92 The core protein has also been reported to bind to p53. However, in the different reports it either activates or inactivates p53 and its downstream target p21
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Very recently, the core protein itself was found to alter mitochondrial function and induce oxidative stress. 96 Upon overexpression in different cell lines, a fraction of the core protein was localized at mitochondria and was associated with increased cytochrome c release, but curiously, not with altered apoptosis. There are some reports indicating that not only the core protein, but also NS3 or NS5A confers resistance to apoptotic cell death. 97, 98 Moreover, NS5A may play a role in repressing IFN activity. 99 In this regard, genetic variability in a region of NS5A has been associated with different sensitivity of the different genotypes of HCV to IFN-a. NS5A from IFN-resistant strains can repress the activity of PKR, a mediator of IFN-induced antiviral and apoptotic responses. 77 Interestingly, resistance to IFN and development of persistent infection are major features of the most widespread HCV genotypes 1A and 1B.
The reasons for the discrepancy between the opposite results concerning pro-and anti-apoptotic effects of HCV proteins remain elusive. Different experimental conditions, cell types, apoptotic stimuli and HCV strains might contribute to the contradicting observations. Because most cells in the studies were transfected tumor cell lines, the possibility of clonal variations even in the same line cannot be ignored. In addition, the protein expression level in the transfected cells may affect the observed effects. In most reports non-physiological overexpression has been employed, whereas the viral proteins are usually present in very low quantities in HCV-infected patients. Thus, ectopic expression of the HCV proteins in the absence of virus morphogenesis is unlikely to mimic the situation of natural infection.
To avoid potential artefacts caused by non-physiological overexpression in cell culture, HCV transgenic mouse models have been recently generated. In C57/BL/6 mice constitutive overexpression of the core protein sensitized cells to apoptosis triggered by anti-CD95. 100 In contrast, in conditional transgenic Balb/c mice expressing core, E1, E2 and NS2 proteins liver cell apoptosis was significantly reduced and the survival rate correlated with HCV protein expression. 101 Interestingly, activation of caspase-9, but not of caspase-8 was inhibited in liver tissue by HCV proteins. Moreover, cytochrome c release from mitochondria was blocked in HCV expressing mice suggesting that HCV proteins interfered with the mitochondrial death pathway. The contribution of individual viral proteins to the inhibition of CD95-mediated apoptosis was not investigated. Nevertheless, this and other data suggest that HCV proteins might directly or indirectly inhibit death receptor-mediated apoptosis rather than facilitating apoptosis.
T-cell apoptosis potentially involved in sustained HCV infection
HCV infection is characterized by a high tendency towards chronicity. As mentioned above, acutely infected subjects show a T-cell response often against a single viral antigen, whereas only individuals who resolve HCV infection have a strong, rapid and persistent CTL response that is directed against multiple HCV epitopes. Thus, the dominant cause of viral persistence might be the development of a weak immune response to viral antigens with a corresponding inability to eradicate HCV-infected cells. Chronic infection is characterized by low frequencies of CD8 + T-cells in peripheral blood, but they are not necessarily absent from the liver. 102 Survival of HCV in the liver infiltrated with virus-specific CTLs might be explained by a defect in cytotoxic activity or production of cytokines that limit HCV replication. The failure to eliminate virus-infected cells appears surprising, because the expression of HLA and adhesion molecules as well as of CD95 is upregulated in liver during HCV infection, which should facilitate antigen recognition, CTL-hepatocyte interaction and hepatocytolysis. Results obtained by several groups show an inverse correlation between levels of antiviral CTL activity and viral load, suggesting that the virus is controllable, at least to some extent, by CTLs. 18, 103, 104 Moreover, the virus-specific immune response may not only target infected cells, but also noninfected hepatocytes via the release of soluble proapoptotic mediators, such as CD95L and TNF. 29 Nonetheless, for some reasons HCV is rarely eliminated despite the principal presence of an immune response.
Recent studies showed that HCV might escape innate and adaptive immune responses by several mechanisms. A correlation between circulating HLA class I antigen levels and HCV disease activity suggested that these antigens might play a role in the insufficient cytotoxic response. In fact, HLA-I molecules containing viral peptides within the antigen-binding site are released from cell membrane in their heterodimeric configuration. These soluble factors might interact with virus-specific CTLs and negatively influence the CTL response. 105 In addition to the aforementioned inhibition of the IFN response by NS5A, it was shown that the core protein inhibits T-cell proliferation in vivo, and IL-2 and IFN-g production in vitro through binding to the complement C1q receptor. 106 Furthermore, binding of HCV envelope protein E2 to CD81 inhibits NK cell functions and IFN production. 107 Finally, at least part of the explanation of the HCVs evasiveness lies in the mutability of its RNA genome causing it to exist as a mixture of related species (quasispecies) that evolve under immune selection. 19 In addition, T-cell apoptosis in patients with chronic HCV infection is considered to contribute to virus persistence. 108, 109 It was demonstrated that enhanced apoptosis of activated peripheral T-cells in patients with chronic HCV infection is due to decreased expression of NF-kB in the nucleus of those cells. 110 Since NF-kB plays a crucial role in cell proliferation as well as in the immune response, especially in the T-cell compartment, decreased NF-kB activity might contribute to an inappropriate immune response. Deletion of T-cells via apoptosis normally occurs as a physiological mechanism in order to down-size the immune response. This activation-induced cell death (AICD) might also serve as a second line of defence against autoimmunity by deleting autoreactive cells in the periphery. T-cell activation leads to the expression of CD95L and permits their elimination by a fratricide or suicide mechanism. A recently published study suggested that HCV infection induces CD95 expression on PBMCs, and that soluble CD95L leads to accelerated apoptosis of these CD95-expressing cells. 111 However, whether an increased number of T-cells undergo AICD in vivo during HCV infection remains speculative. It has been suggested that the CD95/CD95L system plays an important role for the initiation of AICD, whereas the TNF system is more apparent at later phases. 112 Finally, it appears that also hepatocytes can be induced to express CD95L during an inflammatory response.
113 CD95L-positive hepatocytes might delete HCV-specific CTLs and thereby promote chronic infection. Thus, a variety of immune and signaling processes could lead to apoptosis of activated T-cells and contribute to sustained HCV infection.
Anti-apoptotic mechanisms involved in liver cirrhosis and hepatocellular carcinoma of chronic HCV infection HCV is the major causative agent for liver cirrhosis and hepatocellular carcinoma. The long latency period of hepatocellular carcinoma suggests that tumor development requires multiple events. In vitro, at least four HCV proteins, core, NS3, NS4B and NS5A, have been shown to be able to transform cells either alone or in combination with each other or the Ras oncogene. Two independently derived transgenic mouse lines expressing either only the core protein or all structural proteins have been found to develop steatosis and subsequent hepatocellular carcinoma in a considerable percentage of the animals. 114, 115 Steatosis, characterized by fat droplets of various size in the cytoplasm, is a frequently occurring feature of HCV infection. The transgenic mice displayed increased lipid peroxidation and mitochondrial DNA damage. Remarkably, oxidative stress was even observed in the absence of leukocyte infiltration. It was therefore suggested that carcinogenesis in core transgenic mice and potentially in HCV-infected individuals might be attributable to the generation of oxygen radicals in the liver and subsequent DNA damage. Studies in cultured cells have confirmed a role for the core protein in induction of oxidative stress, potentially through a direct interaction with mitochondria. 96 This data strongly suggests that HCV proteins have transforming potential and can induce hepatocellular carcinoma formation, at least under experimental conditions.
The long latency of hepatocellular carcinoma indicates that, in addition to a direct oncogenic and genotoxic potential of HCV proteins, other events such as disturbances in apoptosis must occur during tumor development. Indeed, previous studies revealed a complete or partial loss of CD95 expression in hepatocellular carcinoma. 116 This implies a reduced susceptibility towards T-cell cytotoxicity. Moreover, hepatocellular carcinomas upregulate CD95L expression, 117 which could lead to cell death of CTLs and the establishment of an immune-privileged environment. Among the different HCV proteins the core protein has certainly the greatest effects on cellular functions. At first view, the observation that the core protein potentiates and inhibits apoptosis is confusing, but nevertheless may be biologically relevant. The promotion of apoptosis may explain the occurrence of hepatitis and liver damage. Inhibition of apoptosis by the core protein, on the other hand, may allow the virus to establish persistent infection and contribute to the development of hepatocellular carcinoma.
Various studies suggest that activation of the transcription factor NF-kB is important for the development of an anti-apoptotic phenotype. For example, hepatoma cells expressing HCV proteins became resistant to CD95-induced apoptosis and showed increased NF-kB activity. 88 Similarly, the core protein potently activated NF-kB and AP1 and conferred resistance to TNF, while NF-kB inhibition sensitized hepatocytes to TNF-induced apoptosis. 118 ± 120 It should be noted that other studies found no effects, or even demonstrated a reduced NF-kB activity in core-expressing cells. 91, 121, 122 Interestingly, it was demonstrated that NF-kB activation is upregulated not only in core-transfected hepatoma cells, but also in HCV-infected liver tissue. 119 The anti-apoptotic effect of the core protein might be due to the activation of NF-kB and may be advantageous for HCV by allowing hepatocytes to survive, resulting in sustained infection. The increased activation of NF-kB apparently correlates inversely with the apoptotic index but not with the viral load. 123 Thus, presumably not only viral proteins but also host factors such as different cytokines that are upregulated in chronic HCV infection influence NF-kB activity. It is also plausible that oxidative stress induced by the core protein might trigger activation of the transcription factor.
Deletion of the NF-kB subunit RelA is lethal during embryonic development of mice because of massive hepatocyte apoptosis. 124 NF-kB activation also appears to prime adult hepatocytes for proliferation in response to partial hepatectomy. 125 Some evidence was provided that increased expression of RelA is associated not only with decreased apoptosis, but also with reduced fibrosis, suggesting that RelA expression may protect against liver fibrosis and hepatocellular damage. 123 Another study showed that with increasing fibrosis and cirrhosis the antiapoptotic molecule Bcl-2 is upregulated, which might explain the high incidence of hepatocellular carcinoma in patients with cirrhosis. 126 In this respect, NF-kB upregulates anti-apoptotic genes encoding for c-FLIP and different members of the Bcl-2 and IAP family. Moreover, NF-kB is not only pro-inflammatory and anti-apoptotic, but is also required for proliferation and cell cycle progression. If the core protein does indeed activate NF-kB and prevent apoptosis under natural HCV infection, this pathway may provide an attractive target for development of anti-HCV drugs. Altogether, the importance of different viral and host factors for carcinoma formation is still unclear. Presumably, the recently established transgenic mouse strains will be most instrumental for dissecting the transforming potential of different HCV proteins, the induction of genotoxic stress, and the role of NF-kB and apoptosis inhibition in development of hepatocellular carcinoma.
Conclusions
A variety of apoptotic mechanisms might play a role in the elimination of infected cells, the immune response and inflammatory liver injury. However, the reasons why cell killing is not sufficient to eradicate HCV infection remain unclear. One explanation could be the overwhelming rates of viral replication and spread relative to the ability of the immune system to target enough CTLs to destroy all of the infected cells. Alternatively, if clearance of HCV from the liver results mainly from the antiviral effect of T-cell-derived cytokines, chronic HCV infection could occur, if HCV is not sensitive to such cytokines or if insufficient quantities of cytokines are produced. Production of inappropriate antiviral factors of the infected cells as well as viral proteins that inhibit the antiviral activity of IFNs and other cytokines might further contribute to the lack of viral clearance. Furthermore, in chronic HCV infection, there is an extensive evolution of quasispecies that can coexist with a multispecific CTL response. Since HCV proteins can also infect immune cells, the possible expression of HCV peptides may induce a CTL-mediated immune suppression and ineffective viral clearance. Several arguments underscore the relevance of immune-mediated liver cell damage in HCV infection. Liver damage coincides with the development of a host immune response and not with viral replication. Conversely, chronic viral replication often occurs without evidence of liver cell damage. Finally, it is conceivable that dysregulation of NF-kB signalling results in a survival advantage of HCV-infected cells, permitting the virus to persist in long-lived cellular compartments. Increased activation of NF-kB during chronic HCV-infection might contribute to the up-regulation of anti-apoptotic molecules with increased risk of development hepatocellular carcinoma. Concerning a functional role of apoptosis in HCV infection, several important aspects are still unknown including the kinetics and extent of apoptotic processes, the expression of proapoptotic mediators during acute and chronic phases of infection, as well as a potential link to virus persistence.
Most findings about the pathogenicity of HCV and involvement of apoptosis have been obtained in cell culture systems, because adequate tissue culture and animal models were not available. Therefore, interpretation of these data remains restricted. The recent success of isolating a cDNA clone capable of generating infectious RNA transcripts may be an important step towards the development of a tissue culture system. 127, 128 At present, the most effective model for studying HCV replication is the replicon system. 129 Recently, a mouse model has been described which allowed replication of HCV in chimeric human livers that were transplanted into SCID mice. 130 Since this system lacks an immunological component, it may find its greatest utility in the evaluation of the new antiviral drugs, although adoptive transfer of human T-cells should be feasible. So far, the chimpanzee is the only animal model that faithfully reflects most features of human HCV infection. However, due to the enormous costs and other aspects, studying apoptotic mechanisms in this animal model remains very limited.
